Severe acute respiratory syndrome coronavirus (SARSCoV) is the etiological agent of a newly emerged disease, SARS, which originated in southern China in 2002 and spread to various areas of the world in a 2003 epidemic (9, 21, 30, 47) . The 5Ј-end two-thirds of the single-stranded, positive-sense RNA genome of SARS-CoV constitutes gene 1, which contains two large, partly overlapping open reading frames (ORFs), ORF1a and ORF1b. Upon infection, the incoming viral genomic RNA is translated to produce two large precursor polyproteins from gene 1 (31, 45) . These precursors are proteolytically processed by two virally encoded proteinases to generate 16 mature proteins, nsp1 to nsp16 (45) . In addition to the essential role of the gene 1 proteins in viral RNA synthesis (3, 11, 17, 27, 36, 55) , some of the gene 1 proteins could have multiple functions besides viral RNA synthesis (2, 13, 25, 41) .
Host innate immune defense mechanisms, such as the production of alpha/beta interferon (IFN-␣/␤), are the first responders against animal virus infections, and many viruses have developed strategies to actively suppress and/or evade the innate immune response (14) . Some viruses encode proteins that selectively suppress the host innate antiviral functions (4, 14) , while some have evolved to target the general host gene expression machinery to block the innate immune functions as well (24, 35, 51) . Viral genes that inhibit host innate defenses are often identified as major viral virulence factors (5, 35 ). It appears that activation of type I IFN responses is inhibited in SARS-CoV-infected cells (7, 22, 28, 38, 39, 44, 56) ; for example, IFN regulatory factor 3 (IRF-3) activation, which is essential for IFN-␤ mRNA transcription and IFN-␤ mRNA accumulation, does not occur in SARS-CoV-infected human 293 cells (37) . We previously reported that expressed SARS-CoV nsp1 induces degradation of host mRNAs, suppresses host translation, and suppresses accumulation of IFN-␤ mRNA without inhibiting IRF-3 dimerization (18) . These observations led us to hypothesize that SARS-CoV nsp1 suppresses general host gene expression and thereby also blocks host antiviral immune responses in infected cells. The present study tested this hypothesis and demonstrated that SARS-CoV nsp1 indeed suppressed host gene expression, including type I IFN production, by promoting host mRNA degradation and contributing to host translation suppression in infected cells.
virus (SeV; Cantell strain), obtained from Charles River Laboratory (Wilmington, MA), was used to infect cells at 100 hemagglutination (HA) units/ml.
Plasmid construction and generation of infectious recombinant SARS-CoV. A recombinant PCR procedure, using pCAGGS-Nsp1-WT (18) as the template, was employed to generate both pCAGGS-Nsp1⌬160-173 and pCAGGS-Nsp1-mt (K164A and H165A). For the generation of in vitro-synthesized RNA transcripts, pcD-CAT, pcD-Nsp1-WT, and pcD-Nsp1-mt were constructed by inserting the chloramphenicol acetyltransferase (CAT) ORFs Nsp1-WT ORF and Nsp1-mt ORF, respectively, into pcDNA 3.1 HisA-myc. A QuikChange sitedirected mutagenesis kit (Stratagene) was used to generate mutations (K164A and H165A) in fragment A of the SARS-CoV reverse genetics system (53) . The SARS-CoV full-length cDNA was assembled from fragments A through F, the full-length RNA transcripts were synthesized, and the recombinant viruses were recovered according to established protocols, as described previously (53) .
Reporter gene assays. 293 cells in 24-well plates were cotransfected in triplicate with IFN-␤ promoter-driven luciferase (pIFN␤-Luc) reporter plasmid (0.1 g) and the indicated pCAGGS-based nsp1 expression plasmids (0.4 g) using TransIT-293 reagent (Mirus). At 24 h posttransfection, the cells were mock infected or infected with SeV. At 16 h postinfection (p.i.), the cells were lysed in reporter lysis buffer (Promega), and luciferase assays were performed using the Promega luciferase assay system. For transfections with the reporter plasmid pRL-SV40 (0.1 g), the cells were lysed in Renilla luciferase (rLuc) lysis buffer, and rLuc activities were measured.
Western blot analysis. Western blot analysis was performed as described previously (18) . Anti-myc antibody, anti-IFN-stimulated gene 15 (anti-ISG15) polyclonal antibody (Cell Signaling Technology), and anti-nsp1 peptide antibody (16) were used as primary antibodies, and goat anti-mouse immunoglobulin G-horseradish peroxidase and goat anti-rabbit immunoglobulin G-horseradish peroxidase (Santa Cruz) were used as secondary antibodies.
Northern blot analysis. Northern blot analyses using an rLuc probe, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe, and ␤-actin probe were performed using total intracellular RNAs as described previously (18) . The 564-nucleotide (nt)-long, 293 cell-derived, digoxigenin (DIG)-labeled IFN-␤ riboprobe was used for IFN-␤ mRNA detection. A 492-nt-long, DIG-labeled ISG15 riboprobe and a 394-nt-long, DIG-labeled ISG56 riboprobe were used for the detection of ISG15 and ISG56 mRNAs, respectively. We used a DIG-labeled random-primed probe, corresponding to nt 29,084 to 29,608 of the SARS-CoV genome, to detect SARS-CoV mRNAs.
In vitro RNA synthesis and RNA transfection. Capped and polyadenylated RNA transcripts were synthesized from linearized plasmids using the mMESSAGE mMACHINE T7 Ultra kit (Ambion). Subconfluent 293 cells were transfected with in vitro RNA transcripts using TransIT mRNA (Mirus) according to the manufacturer's instructions.
Radiolabeling of intracellular proteins. 293 cells were independently transfected with the indicated in vitro RNA transcripts. One hour after RNA transfection, the cells were incubated with medium containing 4 g/ml actinomycin D (ActD) (Sigma). Eight hours after ActD addition, the cells were incubated in methionine-free medium for 30 min and then metabolically labeled with 20 Ci/ml of Tran 35 S-label for 1 h. For the radiolabeling of SARS-CoV-infected cells, replicate cultures of infected 293/ACE2 cells were radiolabeled for 1 h at different times, as indicated in the figures, starting from 5 h to 24 h p.i. in methionine-free medium containing 100 Ci/ml of Tran 35 S-label. Similarly, replicate cultures of infected Vero E6 cells were radiolabeled for 1 h at different times, starting from 5 h to 12 h p.i. Cell extracts were prepared in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (18) , and equivalent amounts of extracts were applied on 12% SDS-PAGE gels. The gels were visualized by autoradiography, and the amounts of radioactivity present in selected regions of the gel were determined by using a Storm 860 PhosphorImager (Molecular Dynamics). The results were normalized to the amounts of radioactivity detected in the same region of the gel in mock-infected cells, and the data are represented as the percentage of radioactivity relative to mock-infected cells.
IFN bioassay. 293/ACE2 cells were independently infected with SARSCoV-WT and SARS-CoV-mt at an MOI of 3 or with 100 HA units/ml of SeV. Supernatants were collected from SARS-CoV-infected cells at 24 and 48 h p.i. and from SeV-infected cells at 24 h p.i. After complete inactivation of viruses by 60 Co irradiation (2 ϫ 10 6 rads) (16) , the samples were subjected to acid treatment. After neutralization of the samples, the human type I IFN activity was measured by a standard plaque reduction assay using Sindbis virus on Vero cells as described previously (12) . The IFN levels are expressed as the reciprocal of the dilution that inhibited the formation of 50% of viral plaques. The data are averages of two independent experiments.
RESULTS
Generation of SARS-CoV nsp1 mutants that do not suppress host gene expression. To know whether SARS-CoV nsp1 exerts host gene expression suppression in SARS-CoV-infected cells, we first constructed pCAGGS-Nsp1⌬160-173, in which the C-terminal amino acids 160 to 173 of nsp1 were removed from the 180-amino-acid-long, full-length nsp1 protein (Nsp1-WT). 293 cells were cotransfected with pCAGGSNsp1⌬160-173 and a reporter plasmid, pRL-SV40, in which the rLuc gene was cloned downstream of the simian virus 40 (SV40) promoter (18) . As controls, the parental plasmid, pCAGGS, and pCAGGS-Nsp1-WT encoding the full-length nsp1 protein (Nsp1-WT) were used in place of pCAGGSNsp1⌬160-173. Both expressed Nsp1-WT, and the Nsp1⌬160-173 protein had a C-terminal myc tag. Western blot analysis using anti-myc antibody resulted in an efficient accumulation of the Nsp1⌬160-173 protein compared to low levels of accumulation found with the Nsp1-WT protein at 30 h posttransfection (Fig. 1A) , which suggested that nsp1, but not Nsp1⌬160-173, suppressed its own gene expression (18) . As expected, Nsp1-WT protein expression strongly suppressed rLuc activity, while Nsp1⌬160-173 protein expression did not inhibit rLuc activity (Fig. 1B) , which led to the suggestion that the Nsp1⌬160-173 protein did not suppress host gene expression.
Because the above data indicated that an alteration of amino acids 160 to 173 of nsp1 may abolish the biological functions of nsp1, we next generated pCAGGS-Nsp1-mt, in which the positively charged amino acids K164 and H165 in nsp1's C-terminal region were replaced with alanines and the myc tag was added to the C-terminal end. Like Nsp1⌬160-173, the Nsp1-mt protein accumulated efficiently in transfected 293 cells ( Fig.  2A) . To determine the effect of Nsp1-mt expression on reporter gene expression, we cotransfected 293 cells with an IFN-␤-promoter-driven luciferase reporter plasmid (pIFN␤-luc) and pCAGGS-Nsp1-mt. pCAGGS and pCAGGS-Nsp1-WT were used as controls in place of pCAGGS-Nsp1-mt. At 24 h posttransfection, cells were mock infected or infected with SeV, and cell extracts were prepared at 16 h p.i. As we reported previously (18) , SeV infection significantly increased Luc activity in pCAGGS-transfected cells, while Nsp1-WT expression strongly inhibited the SeV-induced Luc activity (Fig.  2B ). In contrast, the Nsp1-mt protein expression did not inhibit the SeV-induced Luc activity (Fig. 2B) . Next, 293 cells were cotransfected with pCAGGS-Nsp1-mt and pRL-SV40. The controls used were pCAGGS and pCAGGS-Nsp1-WT, in place of pCAGGS-Nsp1-mt. As shown in Fig. 2C , Nsp1-WT expression strongly reduced Luc activity, whereas Nsp1-mt protein did not affect the expression of Luc activity. Northern blot analysis clearly demonstrated that the amounts of rLuc mRNA in pCAGGS-transfected cells and in cells expressing Nsp1-mt protein were significantly higher than in those expressing Nsp1-WT protein (Fig. 2D ), while the amounts of 28S and 18S rRNAs were similar in all of these samples (data not shown). These data demonstrated that the Nsp1-mt protein had lost its ability to suppress reporter gene mRNA accumulation.
To know whether the Nsp1-mt protein expression induced endogenous host mRNA degradation, 293 cells were transfected independently with one of three in vitro-synthesized, capped, and polyadenylated RNA transcripts: RNA transcripts encoding Nsp1-WT containing a C-terminal myc tag (Nsp1-WT), Nsp1-mt containing a C-terminal myc tag (Nsp1-mt), and CAT protein containing a C-terminal myc tag. At 1 hour posttransfection, the cells were incubated in the absence or presence of 4 g/ml of ActD; ActD treatment blocks new RNA synthesis and hence allows the analysis of the fate of preexisting cellular mRNAs. Intracellular proteins were extracted at 8 h after ActD addition (Fig. 3A) . Intracellular RNAs were extracted at 1 h (Fig. 3B , 0 h) after RNA transfection or at 8 h (Fig. 3B, 8 h) after ActD addition. The expression level of Nsp1-WT was significantly lower than that of CAT and Nsp1-mt proteins (Fig. 3A) , a finding that was similar to those in the plasmid transfection experiment. Northern blot analysis showed that the levels of endogenous GAPDH mRNA in the 8-h samples were significantly reduced in Nsp1-WT-expressing cells, whereas the levels of these mRNAs were not affected in the CAT-and Nsp1-mt-expressing cells in repeated experiments (Fig. 3B) . A somewhat higher level of GAPDH mRNA in Nsp1-mt-expressing cells in the presence of ActD was not reproducible. These data strongly suggested that the Nsp1-mt protein lost the biological activity to promote host mRNA degradation. Next, the effect of Nsp1-mt protein expression on host protein synthesis was tested. 293 cells were independently transfected with the CAT RNA transcripts, Nsp1-WT RNA transcripts, and Nsp1-mt RNA transcripts, and at 1 h after transfection, the cells were either treated with ActD or left untreated. The cells were radiolabeled with Tran 35 S-label from 7 h to 8 h after ActD addition, and cell extracts were prepared and then analyzed by SDS-PAGE. Consistent with our previous report (18) , Nsp-WT protein expression strongly suppressed host protein synthesis (Fig. 3C) . In contrast, Nsp1-mt protein expression had little effect on host protein synthesis. The results following colloid Coomassie blue staining of the gel demonstrated the loading amounts of proteins in these samples to be similar (data not shown). These data clearly showed that the Nsp1-mt protein did not inhibit host protein synthesis.
Characterization of a SARS-CoV mutant expressing Nsp1-mt protein.
To determine the biological function of nsp1 in infected cells, we generated SARS-CoV-mt carrying K164A and H165A mutations in the nsp1 gene by using a SARS-CoV reverse genetics system (53); the nsp1 protein in SARSCoV-mt had the same amino acid substitutions as did the Nsp1-mt protein in expression studies, but it lacked the Cterminal myc tag. The rescued SARS-CoV-mt retained the introduced sequence alterations with no additional nucleotide alterations within the nsp1 gene and had no nucleotide sequence alterations in nsp3, -3b, -6, and -N genes, all of which have been reported to affect host innate immune functions in expression studies (8, 19) . Three SARS-CoV-mt isolates were recovered from three independent rescue experiments, and all showed similar biological phenotypes. Hence, representative data from one isolate are described below. SARS-CoV-WT was also rescued by using the reverse genetics system (53) and is presented as a control. SARS-CoV-WT and SARS-CoV-mt showed similar virus replication kinetics after infection with an MOI of 1 in Vero E6 cells and in 293/ACE2 cells, which are 293 cells that stably express the SARS-CoV receptor protein ACE2 (Fig. 4A) (18) . Analysis of the virus growth kinetics after infection at an MOI of 0.01 in 293/ACE2 and Vero E6 cells showed that the SARS-CoV-mt virus had slightly higher titers than did SARS-CoV-WT in both cell types, except at day 4 p.i. in 293/ACE2 cells (Fig. 4B) . Both viruses accumulated similar amounts of virus-specific mRNAs in both cell lines (Fig. 4C) and showed similar levels of nsp1 protein accumulation in infected cells (Fig. 4D) . The SARS-CoV-mt nsp1 protein migrated slightly more slowly than did the SARS-CoV-WT nsp1 (Fig. 4D) . Similarly, in expression studies, the untagged Nsp1-mt protein also migrated slightly more slowly than the untagged Nsp1-WT protein (data not shown), which suggested that the substitutions of two amino acids affected the nsp1 protein migration in SDS-PAGE. Confocal microscopic analysis using anti-SARS-CoV N protein antibody showed that 80 to 90% of the cells were infected with SARS-CoV-WT or SARS-CoV-mt. Experiments using anti-nsp1 antibody showed that the majority of SARS-CoV-WT nsp1 protein and SARSCoV-mt nsp1 protein accumulated in the cytoplasm in infected cells (data not shown). Overall, there were no significant differences between the replication of SARS-CoV-WT and SARS-CoV-mt in infected cells. Next, we examined whether SARS-CoV-mt replication induced host mRNA degradation. The same amount of intracellular RNA from infected cells and mock-infected cells was examined by Northern blot analysis (Fig. 5) . Consistent with our previous report (18) , the abundance of GAPDH mRNA in SARS-CoV-WT-infected cells was clearly lower than that in mock-infected cells at 16 h p.i. (Fig. 5A) . The abundance of GAPDH mRNA was clearly higher in SARS-CoV-mt-infected cells than in SARS-CoV-WT-infected cells and was only slightly lower than that in mock-infected cells (Fig. 5A) . To find whether SARS-CoV-mt failed to promote efficient host mRNA degradation, 293/ACE2 or VeroE6 cells were mock infected or independently infected with SARS-CoV-WT or SARS-CoV-mt. After virus adsorption, intracellular RNAs were extracted immediately or cells were incubated in the presence of ActD, and intracellular RNAs were extracted after 16 h p.i. (Fig. 5B and C) ; ActD treatment does not affect SARS-CoV replication (18) . As expected (18) , a reduction in the abundance of GAPDH and ␤-actin mRNAs occurred in SARS-CoV-WT-infected cells, which demonstrated that SARS-CoV-WT replication induced the degradation of these host mRNAs (Fig. 5B) . In contrast, the amounts of ␤-actin mRNA in SARS-CoV-mt-infected cells and mock-infected cells were similar, and the abundance of GAPDH mRNA in SARS-CoV-mt-infected cells was clearly higher than that in SARS-CoV-WT-infected cells (Fig. 5B and C) . In all cases, the replication of SARS-CoV-WT and SARS-CoV-mt did not alter the abundance of 28S and 18S rRNAs (data not shown). These data revealed that SARS-CoV-mt replication failed to promote efficient host endogenous mRNA degradation.
Role of nsp1 on host translational inhibition and type I IFN production in infected cells. Replication of mouse hepatitis virus (MHV), a group 2 coronavirus, suppresses host protein synthesis (15) , whereas it is unknown whether replication of SARS-CoV, which is also a group 2 coronavirus (36), induces host protein synthesis inhibition. We examined whether SARSCoV replication suppresses host translation and whether nsp1 contributes to the putative SARS-CoV-mediated host translational suppression. (Fig. 6A, top panel) , while the synthesis of virus-specific S and N proteins was evident (Fig. 6A, top panel) . Absence of a major viral M protein in the gels was probably due to the heat-induced M protein aggregation (23, 40) . While SARS-CoV-mt replication also induced host protein synthesis inhibition, it was less prominent and developed more slowly than in SARS-CoV-WT infection (Fig.  6A, top panel) . Phosphorimager analysis of the marked areas of the gels showed that the amounts of radiolabeled host proteins in SARS-CoV-WT-infected cells were lower than those in SARS-CoV-mt-infected cells from 9 h to 24 h p.i. (Fig. 6A, top  panel) . A similar time course of radiolabeling experiments using Vero E6 cells showed that protein synthesis inhibition induced by SARS-CoV-mt replication was less prominent than that induced by SARS-CoV-WT infection (Fig. 6A , bottom panel). Western blot analysis showed similar levels of SARSCoV-WT and SARS-CoV-mt nsp1 protein accumulation during the course of infection in both 293/ACE2 and Vero E6 cells (Fig. 6B) . We concluded that SARS-CoV-WT replication induced strong host protein synthesis inhibition and nsp1 contributed to the virus-induced host protein synthesis suppression.
The data showing that SARS-CoV-mt replication induced a less efficient suppression of host gene expression, compared with SARS-CoV-WT replication, led us to investigate a possibility that SARS-CoV-mt replication, but not SARS-CoV-WT replication, induces the expression of IFN-␤ and ISGs, like ISG15 and ISG56, because these genes have been identified as direct IRF-3 target genes that are induced in response to virus infection. 293/ACE2 cells were mock infected or independently infected with SARS-CoV-WT or SARS-CoV-mt. As a control, 293/ACE2 cells were infected with 100 HA units of SeV. Northern blot analysis showed no accumulation of IFN-␤, ISG15, and ISG56 mRNAs in mock-infected cells and efficient accumulation of these mRNAs in SeV-infected cells at 8 h p.i. (Fig. 7A) . As expected, the accumulation of these mRNAs in SARS-CoV-WT-infected cells was very low throughout infection (Fig. 7A) . In contrast, IFN-␤ mRNA accumulation was detected as early as 8 h p.i. in SARS-CoV-mt-infected cells, and the abundance of this mRNA increased during the time course of infection (Fig. 7A, top panel) . Likewise, the efficient accumulation of ISG15 and ISG56 mRNAs occurred in SARSCoV-mt-infected cells, but not in SARS-CoV-WT-infected cells (Fig. 7A, middle and bottom panels) . A biological assay of type I IFN production showed significant type I IFN production from SARS-CoV-mt-infected cells at both 24 and 48 h p.i. (Fig. 7B) ; the titer of type I IFN produced from SARS-CoVmt-infected cells at 48 h p.i. was comparable to that produced from SeV-infected cells at 24 h p.i. In contrast, very low levels of type I IFN were detected in SARS-CoV-WT-infected cells at both time points (Fig. 7B) . Western blot analysis showed an increase in the level of ISG15 protein in SARS-CoV-mt-infected 293/ACE2 cells, but not in SARS-CoV-WT-infected cells, further confirming the SARS-CoV-mt-induced increase in ISG15 mRNA levels (Fig. 7C) . These data clearly demonstrated that SARS-CoV nsp1 protein suppressed the accumulation of IFN-␤ and other ISG mRNAs and type I IFN production in infected cells.
DISCUSSION
In expression studies, SARS-CoV nsp1 induces degradation of host mRNAs and suppresses host translation (18) . The present study examined whether SARS-CoV nsp1 could suppress host gene expression in infected cells. We found that, unlike Nsp1-WT, expressed Nsp1-mt failed to suppress gene expression from cotransfected plasmids, had no impact on GAPDH mRNA stability, and did not inhibit host translation. Further, we found that the Nsp1-mt protein accumulated substantially better than did the Nsp1-WT protein in expressing cells, which suggested to us that Nsp1-WT, but not Nsp1-mt, suppressed its own expression. These data revealed that K164A and H165A substitutions in the nsp1 protein completely abolished the host gene suppression activities of the nsp1 protein. Analysis of the structure of SARS-CoV nsp1 by nuclear magnetic resonance showed that the C-terminal region, where we introduced two amino acid substitutions, is flexibly disordered (1); the effects of the K164A and H165A mutations on SARS-CoV nsp1 structure are unclear. Both SARS-CoV-WT and SARS-CoV-mt, the latter of which carried K164A and H165A mutations in the nsp1 gene, replicated efficiently in 293/ACE2 and Vero E6 cells, yet SARS-CoV-mt replication did not induce efficient host mRNA degradation and induced a less efficient inhibition of host protein synthesis, which led us to believe that nsp1 indeed promoted host mRNA degradation and contributed to host translation inhibition in SARS-CoV-infected cells. SARS-CoV nsp1 is the first viral protein among any RNA viruses that has been shown to promote host mRNA degradation in infected cells. Coronavirus replication suppresses host translation (15), and SARS-CoV 7a protein expression suppresses host translation in transfected cells (20) ; however, the viral protein(s) that contributes to host translational suppression in infected cells has not been identified. To our knowledge, SARS-CoV nsp1 is the first coronavirus protein that has been shown to contribute toward virus-mediated host translation suppression in infected cells. The innate antiviral response is initiated after the host detects virally encoded, pathogen-associated molecular patterns using cellular pattern recognition receptors (PRRs) (29, 43, 46) . Several recent studies have explored how host cell sensors recognize coronavirus replication and activate host innate immune responses. Two studies reported that IRF-3 nuclear translocation and IFN-␤ mRNA accumulation do not occur in cells infected with MHV or SARS-CoV, and yet treatment of the infected cells with a synthetic, double-stranded RNA analog, poly(I ⅐ C), induced IFN-␤ mRNA accumulation (49, 54) . These data led the authors to speculate that double-stranded RNAs of MHV and SARS-CoV, which presumably accumulate within double membrane vesicles in infected cells, are not accessible to PRRs (49, 54) . In contrast to this speculation, SARS-CoV-mt replication in 293/ACE2 cells induced IFN-␤ and ISG mRNA accumulation and high titers of type I IFN production, which suggested to us that host PRRs indeed recognized replicating SARS-CoV-mt and triggered the signaling pathways that led to type I IFN and ISG induction. We showed that expressed SARS-CoV nsp1 does not suppress SeV-induced IRF-3 dimerization (18), which suggested that the nsp1 protein did not suppress signaling events upstream of IRF-3 activation, including the PRR functions. It has been shown that SARS-CoV replication in the human lung epithelial cell line Calu3 and in the rhesus monkey-derived fibroblast cell line MA104 triggers a weak induction of IFN-␤ mRNA (8) . Furthermore, infection of MHV and SARS-CoV in plasmacytoid dendritic cells (pDCs) induced type I IFN production (6) and MHV replication in L2 cells induced IFN-␤ mRNA accumulation (34) , suggesting that coronavirus replication is, in fact, recognized by these cells. Low levels of IFN-␤ mRNA accumulated in SARS-CoV-WT-infected 293/ACE2 cells (Fig. 7A) , whereas Spiegel et al. failed to observe IFN-␤-specific reverse transcription-PCR products in SARS-CoV-infected 293 cells (37) , leading to the possibility that subtle differences between the two lineages of 293 cells influenced the efficiencies of PRR-mediated recognition of replicating SARS-CoV. We speculate that the expression and accessibility levels of the PRRs to coronavirus-derived, double-stranded RNAs or virusspecific protein(s) could account for the differences observed among cell types and cell lines.
Because host PRRs recognized replicating SARS-CoV-mt and induced type I IFN production in 293/ACE2 cells, it is not surprising that coronaviruses have developed strategies to actively suppress host innate immune functions. Expression studies showed that SARS-CoV nsp3, -3b, -6, and N proteins and MHV N protein suppress host innate immune functions (8, 19, 52) . Thiel and his colleagues reported that the expression of MHV nsp1 also suppressed host gene expression and that an nsp1 mutant carrying a 99-nt deletion at the C-terminal region (nsp1⌬99) did not possess this activity (57) . Replication of both the parental MHV and an MHV mutant carrying nsp1⌬99 in bone marrow-derived pDCs and primary splenic pDCs induced IFN-␣ production, which suggests that MHV nsp1 does not suppress IFN-␣ production in pDCs. It is unclear whether replication of this MHV nsp1 mutant in other MHV-susceptible cells would induce type I IFN production. Wathelet et al. also reported the generation of a SARS-CoV mutant virus carrying mutations in a different region of the nsp1 gene from that in our study (50) . Their report showed that expressed SARS-CoV nsp1 suppressed the host antiviral signaling pathways. In their study, unlike Nsp1-mt, the mutations did not completely abolish the reporter gene suppression activity of the nsp1 protein. The mutant virus replicated poorly compared to the parental SARS-CoV in Calu3 cells after infection with a very low MOI. The authors speculated that IFN produced from the mutant virus-infected cells, along with the less efficient IFN-signaling inhibitory activity of the mutant nsp1 protein, could account for the poor growth of the mutant virus (50) . However, no direct evidence of IFN production in mutant virus-infected cells was presented (50) . Our finding that SARSCoV-mt replication, but not SARS-CoV-WT replication, induced high titers of type I IFN from infected cells illuminated nsp1's vital role in suppressing host gene expression, including those involved in the host innate antiviral response, in infected cells. To our knowledge, the SARS-CoV nsp1 protein is the first identified coronavirus protein that suppresses IFN production in infected cells. We speculate that nsp1 induces degradation of IFN-␤ mRNA in SARS-CoV-WT-infected cells to block IFN-␤ production.
Viral proteins that suppress host gene expression often play critical roles in viral pathogenesis. For example, the herpes simplex virus type 1 vhs protein, a viral RNase (10, 42) , suppresses host gene expression by promoting host and viral mRNA degradation and is a viral major virulence factor (35) , as is Rift Valley fever virus NSs, which suppresses host transcription (24) and is a major viral virulence factor (5). Accordingly, it is conceivable that the SARS-CoV nsp1 is also a viral major virulence factor. Consistent with this notion, an MHV nsp1 deletion mutant carrying nsp1⌬99 is highly attenuated in the mouse (57) . Because transgenic mice expressing human ACE2 are susceptible to SARS-CoV infection (26, 48) and alterations of the SARS-CoV S gene with the corresponding gene of the mouse-adapted SARS-CoV (32) isolates of SARS-CoV are highly virulent for aged mice (33) , testing the role of SARS-CoV nsp1 in viral pathogenesis is now feasible using these mouse model systems.
